, DAF-16a, is known to regulate longevity, stress response and dauer diapause [8] [9] [10] [11] . However, it remains unclear how DAF-16 achieves its specificity in regulating these various biological processes. Here we identify a new isoform, DAF-16d/f, as an important isoform regulating longevity. We show that DAF-16 isoforms functionally cooperate to modulate IIS-mediated processes through differential tissue enrichment, preferential modulation by upstream kinases, and regulating distinct and overlapping target genes. Promoterswapping experiments show both the promoter and the coding region of DAF-16 are important for its function. Importantly, in mammals, four FOXO genes have overlapping and different functions 6, 12 , and in C. elegans, a single FOXO/DAF-16 uses distinct isoforms to fine-tune the IIS-mediated processes in the context of a whole organism.
The IIS pathway consists of a phosphatidylinositol-3-kinase signalling cascade, ultimately regulating the activities of DAF-16 (refs 1, 8-10) . Inactivation of upstream kinases in the IIS pathway results in nuclear translocation of DAF- 16 (refs 8-10) . In response to multiple 1 Program in Gene Function and Expression, University of Massachusetts Medical School, Worcester, Massachusetts 01605, USA. 2 Program in Molecular Medicine, University of Massachusetts Medical School, Worcester, Massachusetts 01605, USA. daf-16a/ daf-16d/f (RNAi)
daf-16(mu86); daf-16a daf-16(mgDf50); daf-16a
Control (RNAi) Tables 1 and 2 . Lifespans represent one experiment with additional repeats. b, c, daf-16d/f RNAi reduces the lifespan in wild type (b) and daf-2(e1370) (c). d, Pdaf-16a::gfp, Pdaf-16b::gfp or Pdaf-16d/f::gfp transgenic worms. H, hypodermis; I, intestine; M, muscle; N, neuron; P, pharynx; S, spermathecae; V, vulva. e, f, Enlarged photo showing the muscle enrichment of DAF-16a (e) and intestinal enrichment of DAF-16d/f (f). The transgenic worms carry the co-injection marker rol-6(su1066), ref. upstream signalling including the IIS pathway as well as stress and nutrients sensing pathways 1, 6, [13] [14] [15] [16] , DAF-16 regulates hundreds of genes including stress responsive, antimicrobial and metabolic genes [17] [18] [19] . Therefore, DAF-16 is at the centre of a complex network involving multiple upstream pathways and many downstream target genes.
Studies using transgenes of the two daf-16 isoforms (daf-16a, daf16b) identified previously 4, 5, 8 revealed that daf-16a was the isoform regulating longevity 8, 10 . However, in these studies, daf-16(mu86); daf-2(e1370); daf-16a transgenic worms lived nearly 5-6 days less than long-lived daf-2(e1370) mutants 8, 11 . There could be three possible explanations for these incomplete lifespan rescues. First, overexpression of daf-16a could be toxic 10, 11 and may have interfered with the expected lifespan extension. Second, loss of the extra-chromosomal transgene could have resulted in incomplete rescue 20 . Third, the DAF16a isoform alone may be insufficient for lifespan regulation.
To test the first two possibilities, we generated integrated highcopy daf-16a::gfp 21 (green fluorescent protein fusion) transgenic lines in wild type (N2) and daf-16 (mu86 and mgDf50, refs 4 and 5, respectively) null mutant backgrounds (Fig. 1g) Recently, a new daf-16 isoform, R13H8.1d/f, was reported, which starts ,10 kb upstream from daf-16a1/a2 (R13H8.1c/b) ( Fig. 1g and Supplementary Fig. 1 , www.wormbase.org). To test whether DAF16d/f had a role in lifespan regulation, we generated RNA interference (RNAi) clones that were either isoform-specific or targeted to common cDNA sequences (Fig. 1g, solid and dotted lines, respectively) . Lifespan analysis showed that daf-16d/f RNAi consistently shortened the lifespan of wild type and daf-2(e1370) mutants (Fig. 1b, c and Supplementary Table 2 ). Importantly, daf-2(e1370) mutants showed a synergistic lifespan decrease when both daf-16a and daf-16d/f were knocked-down together. Therefore, these data strongly support that the new isoform, DAF-16d/f, is also an important regulator of longevity in C. elegans.
We next examined the expression patterns of the DAF-16 isoforms (Fig. 1d-f and Supplementary Methods). As reported previously 8, 10 , Pdaf-16a::gfp was expressed in almost all tissues except the pharynx, whereas Pdaf-16b::gfp was expressed in the pharynx, spermathecae and some neurons (Fig. 1d) . Interestingly, Pdaf-16d/f::gfp transgenic worms expressed GFP in almost all tissues (GFP refers to protein and gfp refers to transgene). On further examination, GFP was enriched in the muscle and neurons in Pdaf-16a::gfp animals ( Fig. 1e) , whereas in Pdaf-16d/f::gfp worms, expression was seen mainly in the pharynx, hypodermis, neurons and intestine (Fig. 1f) . Therefore, each DAF-16 isoform is enriched in distinct tissues and indicates the possibility that each isoform mediates distinct functions in a tissue-specific manner, similar to mammalian FOXOs.
Next we generated translational fusion constructs of each DAF-16 isoform ( Fig. 1g and Supplementary Methods). Low-copy daf-16 transgenic worms were generated by microparticle bombardment into daf-16(mgDf50); daf-2(e1370) mutants (Supplementary Methods). By crossing these transgenic worms to daf-16 mutants, we also generated daf-2
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; daf-16(mgDf50); daf-16 isoform transgenic worms and performed lifespan analysis (Supplementary Fig. 3 and Supplementary Table 2 ). Interestingly, we found that even in a daf-2 significant lifespan extension over control animals. Importantly, this indicates that in high-copy daf-16 transgenic worms, not all the DAF-16 is under the control of the IIS pathway, leading to an artificial lifespan extension. Therefore, for further phenotypic analysis, we used low-copy daf-16 transgenic lines, which did not extend lifespan in daf-2 1 background (daf-16a::rfp for daf-16a, daf-16b::cfp for daf-16b, daf16d/f::gfp for daf-16d/f; RFP and CFP are red and cyan fluorescent protein, respectively) unless mentioned otherwise. Further, we confirmed that all of these low-copy strains showed low levels of expression at both the transcript and protein levels ( Fig. 2a and Supplementary Fig. 4) .
Surprisingly, lifespan analysis using these transgenic lines showed that the daf-16d/f transgene showed the greatest lifespan extension among all of daf-16 isoform transgenes (Fig. 2b) . Consistent with this, when IIS signalling was reduced by either daf-2 or age-1 RNAi, daf-16(mgDf50); daf-16d/f transgenic worms lived significantly longer than daf-16(mgDf50); daf-16a transgenic worms (Supplementary Fig. 5 and Supplementary Table 3) . Notably DAF-16d/f is enriched in the intestine (Fig. 1f) , which is the major tissue for lifespan regulation 11 . To further examine the effects of two isoforms on lifespan extension, we generated daf-16(mgDf50); daf-2(e1370); daf-16a; daf-16d/f worms (di-DAF-16). Lifespan analysis showed that the di-DAF-16 worms had lifespan similar to daf-16d/f transgenic animals ( Fig. 2b and Supplementary Table 2 ). Taken together, our data show that DAF-16d/f is important for regulating lifespan.
We (Fig. 2c-e and Supplementary  Table 4) . At the restrictive temperature of 25 uC, daf-2(e1370) mutants form 100% dauers and daf-16(mgDf50); daf-2(e1370) mutants do not form dauers 22 . As reported previously 8 , daf-16a transgenic worms formed 100% dauers (Fig. 2c) . In contrast, daf-16d/f transgenic worms formed significantly fewer dauers (,77%), whereas daf-16b transgenic animals formed ,23% dauers. Interestingly, at the intermediate temperature of 20 uC, where daf-2(e1370) mutants formed 44% dauers, daf-16a and daf-16b transgenic worms formed only ,3% dauers, whereas daf-16d/f worms formed more dauers (,23%). The di-DAF-16 worms exhibited the highest amount of dauer formation (,31%), indicating an additive function by DAF-16a and DAF-16d/f in dauer formation at 20 uC. At the permissive temperature of 15 uC, none of the worms tested formed dauers.
daf-2(e1370) mutants are resistant to various stresses and this is dependent on daf-16 (refs 23, 24) . Therefore, we next determined which DAF-16 isoform(s) was important for thermotolerance at 37 uC (Fig. 2d) . Interestingly, none of the single daf-16 isoform transgenes fully rescued the thermotolerance of daf-2(e1370) mutants. Both daf-16a and daf-16d/f transgenic worms were more resistant to heat stress compared to the daf-16(mgDf50); daf-2(e1370) mutants. Again, in di-DAF-16 transgenic worms, thermotolerance by the daf16a and daf-16d/f transgenes was additive. We next examined the role of DAF-16 isoforms in fat storage by using Sudan Black 25 and Oil-Red-O staining 26 . daf-16d/f transgenic worms stored more fat in the intestine whereas daf-16a transgenic worms were comparable to daf-16(mgDf50); daf-2(e1370) mutants ( Fig. 2e and Supplementary Fig. 6 ). Thus DAF-16d/f has a major function in fat metabolism. Taken together, our functional complementation data indicate that the multiple DAF-16 isoforms have both cooperative and specific functions to regulate multiple outputs of the IIS pathway under different environmental conditions.
daf-16; daf-16a::gfp daf-16; daf-16d/f::gfp
As reported previously 8 , in daf-2(e1370) mutants, DAF-16a accumulated in the nucleus even at 15 uC (Fig. 3a) . However, DAF-16d/f was distributed throughout the nucleus and the cytosol (Fig. 3d) . Because DAF-16a and DAF-16d/f showed distinct tissue expression patterns and have different amino-terminal amino acid sequences ( Supplementary Fig. 7) , we asked what determined the different nuclear/cytosolic pattern of these two isoforms. To answer this, we generated a series of promoter swap transgenic worm strains; Pdaf16a::daf-16d/f::gfp and Pdaf-16d/f::daf-16a::gfp in the daf-16(mgDf50); daf-2(e1370) background. We then examined nuclear/cytoplasmic distribution of DAF-16 as well as lifespan. Interestingly, whether expressed by Pdaf-16a or Pdaf-16d/f, DAF-16a accumulated in the nucleus whereas DAF-16d/f was distributed evenly in the nucleus and cytosol (Fig. 3a-d) . This indicates that the N terminus region is important for regulation of DAF-16 subcellular localization (Supplementary Discussion). Next we performed lifespan assays using low-copy transgenic strains confirmed by the level of protein and transcript (Supplementary Figs 8, 9 ). Whether expressing DAF-16a or DAF-16d/f, Pdaf-16d/f::daf-16 transgenic worms lived significantly longer than Pdaf-16a::daf-16 worms (Fig. 3e and Supplementary  Table 3 ). Therefore, regulation of lifespan is mainly dependent on the promoter region, consistent with previous reports for DAF-16a and DAF-16b 10 . Taken together, both the protein sequence and the promoter are important for determining DAF-16 nuclear/cytosolic regulation and function.
In wild-type worms, DAF-16 nuclear localization is negatively regulated by the IIS upstream kinases AKT-1, AKT-2 and SGK-1 (ref. 1). Because DAF-16a and DAF-16d/f showed distinct nuclear/ cytosolic patterns, we asked whether the DAF-16 isoforms may be regulated differently by these kinases. To explore this, we tested the nuclear translocation of each DAF-16 isoform following growth on either daf-2, akt-1, akt-2 or sgk-1 RNAi (Fig. 3f and Supplementary  Fig. 10 ). Knockdown of daf-2, akt-1 or akt-2 resulted in enhanced nuclear translocation of DAF-16a. In contrast, DAF-16d/f only showed enhanced nuclear translocation on daf-2 or akt-1 RNAi. However, when akt-1 and akt-2 were knocked-down together, both DAF-16a and DAF-16d/f showed enhanced nuclear translocation, showing that AKT-2 can also regulate DAF-16d/f. Therefore our translocation data indicate that DAF-16d/f is preferentially regulated by AKT-1 compared with AKT-2. We did not observe any significant change in nuclear localization on sgk-1 RNAi (Supplementary Discussion).
Next, we tested a functional correlation between DAF-16 nuclear translocation data and lifespan regulation. Both akt-1(ok525) and akt-2(ok393) mutants showed a reproducible increase in lifespan relative to wild type ( Fig. 3g and Supplementary Table 1 ). Mutation in akt-2 exhibited greater lifespan extension of daf-16(mgDf50); daf-16a transgenic animals than a mutation in akt-1 ( Fig. 3h and Supplementary Table 1 ). In addition, consistent with the DAF-16 nuclear translocation data, mutation in akt-1 resulted in a larger increase in lifespan of daf-16(mgDf50); daf-16d/f transgenic animals when compared with a mutation in akt-2 ( Fig. 3i and Supplementary Table 1) . Taken together, these data strongly show that different upstream kinases preferentially regulate the activity of distinct DAF-16 isoforms. This may be one mechanism that worms use to specify the various upstream inputs through DAF-16 to mediate the appropriate downstream outputs.
Many genes required for longevity, stress resistance, dauer formation and fat metabolism are regulated by 27 ). Because our DAF-16 tissue expression data indicate the target gene regulations in isoform-and tissue-specific manner, we asked whether sod-3, a direct target gene of DAF- 16 (ref. 27 ), would be regulated by different isoforms in different tissues. We generated daf-16(mgDf50); daf-2(e1370); daf-16 isoform transgenic worms expressing Psod-3::gfp(muIs84). As expected, sod-3 expression was significantly enhanced in various tissues of daf-2(e1370) as well as daf-16 transgenic worms in a daf-16 dependent manner (Fig. 4a-d and Supplementary Fig. 11) . Interestingly, sod-3 expression was specifically enhanced in the muscle of daf-16a transgenic worms and in the intestine of daf-16d/f transgenic worms (Fig. 4c, d and Supplementary Fig. 11 ), and this correlates with their tissue enrichment patterns. Therefore, this may enable spatial specification of DAF-16 target gene regulation.
We then analysed the transcriptional profile of well-identified DAF-16 target genes [17] [18] [19] in young adult transgenic worms by qRT-PCR (Fig. 4e) . Interestingly, this showed that regulation by the different DAF-16 isoforms includes overlapping (sod-3, hsp-12.6, mtl-1, zk742.4, lys-7, fat-7 and sod-5), specific (scl-1), and cooperative (cpr-2 and sip-1) regulation of target genes. Therefore, many of DAF-16 target genes are indeed regulated by combinatorial interactions between isoforms.
Taken together, our studies show that the multiple DAF-16 isoforms enable worms to equilibrate and fine-tune the IIS pathway mediated processes by virtue of (1) their distinct enrichment in specific tissues, (2) selective preference for upstream kinases, and (3) specific/overlapping/cooperative regulation of target genes in the context of a whole organism (Fig. 4f) . Further dissection of DAF-16 isoform regulation in the context of a whole organism will ultimately contribute to our understanding the roles of FOXOs in ageing and age-dependent diseases including cancer and diabetes.
METHODS SUMMARY
Strains. All strains were maintained at 15 uC using standard C. elegans techniques 28 . Double or triple mutants were generated as described in the Supplementary Methods. For all RNAi assays, worms were grown for two generations on the RNAi bacteria before the experiment unless mentioned otherwise. Lifespan assays. All lifespan analyses were performed at 20 uC. Strains were semi-synchronized by allowing gravid adults to lay eggs overnight and picking off adult worms. Worms were allowed to grow for several days until they reached young adults. Approximately 150 young adult worms were then transferred to each of five freshly seeded plates containing 5-fluorodeoxyuridine (FUDR) to a final concentration of 0.1 mg ml 21 (ref. 29) . Worms were then scored by tapping with a platinum wire every 2-3 days. Day 0 of the lifespan was the point when the worms were transferred to the FUDR plate. Worms that died from vulval bursting were censored from the analysis. All of the lifespan assays were repeated at least two times except for the lifespan in Supplementary Fig. 2 . Statistical analyses for survival were conducted using the standard chi-squared-based log rank test.
All the additional methods and the details are in the Supplementary Methods.
